We present first-principles calculations of electron conduction properties of monatomic sodium wires suspended between semi-infinite crystalline electrodes, using the overbridging boundary-matching method. We find that the conductances oscillate depending on the number of atoms in the wire, N atom . Furthermore, the values of conductances are $3 G 0 (G 0 = 2e 2 =h) for the closed packed structure and $1 G 0 for singlerow wires, which is in agreement with the experimental results of the conductance histogram.
Introduction
In the last decade, atomic-scale wires consisting of several atoms have attracted much attention as potential candidates for novel components in miniaturized electronic devices. Such minute wires can be generated using the scanning tunneling microscope, mechanically controllable break junctions, or other techniques. 1, 2) It has been demonstrated in many experiments that the conductances of single-row atomic wires made of monovalent atoms such as Na, 3, 4) Cu, [4] [5] [6] Ag, 5, 7) and Au 5, 6, 8, 9) are quantized in the unit of G 0 = 2e 2 =h, where e is the electron charge and h is Planck's constant. Recently, Smit et al. 10) observed experimentally that the conductances of monatomic wires of Au, Pt, and Ir oscillate with a period of two atoms as the length of the wire is varied, which is called even-odd oscillation.
On the theoretical side, several studies on electron conduction properties of atomic wires sandwiched between electrodes have been performed: Sim et al., 11) Lang, 12, 13) Kobayashi et al., 14, 15) and Tsukamoto and Hirose 16) examined electron transport through single-row sodium wires using cluster electrodes or structureless jellium electrodes, 17) and concluded that the conductances are $1 G 0 and exhibit the even-odd oscillation. Although their results seem to be in agreement with those of experiments, unphysical effects from jellium electrodes, which ignore the atomic geometry for electrodes, are always concern, and for a more strict interpretation of quantized conductance and even-odd oscillation, one should employ realistic electrodes composed of genuine crystal instead of jellium. Recently, Fujimoto and Hirose 18) developed a new computational technique, the overbridging boundary-matching (OBM) method, for determining electron conduction properties of atomic-scale wires attached to truly semi-infinite crystalline electrodes.
In this study, we perform first-principles calculations to determine conduction properties of the closed packed structure and single-row wires made of sodium atoms suspended between genuine crystalline electrodes, employing the OBM method. Our results that the conductance of the closed packed structure and that of the single-row wires are $3 G 0 and $1 G 0 , respectively, and that even-odd behavior of conductance occurs are in accordance with the results obtained using jellium electrodes. [12] [13] [14] [15] [16] Furthermore, we found that the channel wave functions in the long wires tend to form bunches of high charge density and that are twice the interatomic distance.
The scheme of this paper is organized as follows: we briefly describe the computational method used in this study in Sec. 2, and our results are presented and discussed in Sec. 3. We summarize our findings in Sec. 4.
Computational Method
Our computational method is based on the real-space finite-difference approach [19] [20] [21] with in the framework of the density functional theory. 22, 23) The real-space calculation methods have overcome the serious drawbacks of the conventional plane wave approach, e.g., the inability to describe strictly nonperiodic systems such as clusters and solid surfaces. A grid spacing of 0.043 nm, which corresponds to a cut-off energy of 15 Ry (1 Ry = 8:72 Â 10 À18 J) in the plane wave approach, is chosen. We employ the threepoint finite-difference formula for the derivative arising from the kinetic-energy operator, the local pseudo-potential 24) for Coulomb potential from nucleus, and the local density approximation 25) for the exchange-correlation interaction between electrons. A scattering wave function is calculated by the OBM method, in which a wave function infinitely extending over the entire system can be determined by carrying out wave-function matching based on a boundaryvalue problem in terms of the Green's function of a scattering region (see Fig. 1 for an example of models). This Green's function defined by the inverse matrix of ðE À HÞ À1 is calculated by the incomplete Cholesky decomposition conjugate gradient method, 26) where E is a Kohn-Sham energy, and H is the Hamiltonian of the truncated scattering region. The conductance G at the zero-bias limit is given by the Landauer-Bütiker formula 27 )
where v i ðv j Þ is the z component of the expectation value of the velocity for the ith transmitted (the jth incident) Bloch wave, and t ij is the transmission coefficient. Figure 1 shows an example of the calculation models, where a single-row sodium wire is sandwiched by the square bases made of sodium atoms and all of them are suspended between the sodium (001) crystalline electrodes. The distance between the electrode surface and the basis, as well as that between the basis and the edge atom of the wire, is a 0 =2, where a 0 (¼ 0:21 nm) is the lattice constant of the sodium crystal. This structure constitutes the supercell in the atomic and electronic structure calculations and forms the scattering region in the conductance calculations. Periodic boundary conditions are imposed on the supercell in the x and y directions perpendicular to the wire axis, and also in the parallel direction (the z direction) for the atomic and electronic structure calculations. The side lengths of the supercell in the x and y directions are 3a 0 . The number of atoms composing the wire, N atom , is varied between one and five, and the electrode spacing is set to be 2a 0 þ ðN atom À 1Þ Â ffiffi ffi 3 p =2a 0 . During the structural optimization, the atoms inside the wire are optimized along the z direction while the other atoms are kept frozen.
Results and Discussion
The calculated electron conductances are plotted in Fig. 2 as a function of the number N atom of atoms in the wires. The conductances are $3 G 0 for the closed packed structure (N atom ¼ 1), and $1 G 0 for the single-row wires (N atom = 2-5). In addition, we observed the even-odd oscillation. The conductances for the even atom numbers (N atom ¼ 2 and 4) are slightly lower than 1 G 0 , and those for the odd atom numbers (N atom ¼ 3 and 5) are close to 1 G 0 . Since the Fermi wavelength in the sodium crystal is $0:69 nm, which corresponds to twice the interatomic distance, the even-odd behavior of the conductance may be attributed to the relationship between the wire length and the Fermi wave length. That is, the local structure ofthe scattering region seems to play an important role in electron conduction. We found no qualitative differences between the results obtained using crystalline electrodes and jellium electrodes. [12] [13] [14] [15] [16] The previous experimental study 3, 4) on electron conduction properties of sodium wires observed that there are peaks at 1, 3, 5, and 6 G 0 in the histogram of conductance and no peaks at 2, 4, and 7 G 0 . Our result shows the single-row wire doesnot manifest a conductance of 2 G 0 , which is in agreement with the results of the previous experiment.
In order to elucidate the nature of electron conduction through the sodium wire, we next analyze individual conduction channels. The eigenchannels are investigated by diagonalizing the Hermitian matrix (T y T), where T is a transmission matrix.
15) The transmissions of the electrons for the respective conduction channels are collected in Table 1 . The channel density distributions for electrons incident from the left electrode at the Fermi level are illustrated in Fig. 3 . The planes shown in Fig. 3 are perpendicular to the [110] direction and include the wire axis. In terms of the decomposition of the current density into the eigenchannels, the details of the conduction channels are described. In the case of the closed packed structure (N atom ¼ 1), the electrode spacing is so short that there are three channels mainly contributing to electron conduction: 28) the first channel transmits electrons through the wire itself, while the second and third channels transmit them directly from the left base to the right base, which results in a higher conductivity of the closed packed structure compared with those of wires. On the other hand, in the cases of N atom ¼ 2, 3, 4 and 5, because the electrode spacing is sufficiently large, only the first channel, which conducts electrons along the wire itself, opens.
One can also see in Fig. 3 that the bunches of high charge density and that are twice the interatomic distance, are preferentially formed in the longer wires. It is well known that the density wave with the period of the two atoms emerges in an elongated infinite sodium wire, [29] [30] [31] [32] therefore the characteristic of the channel wave function can be affected by the density wave.
Conclusion
We presented first-principles calculations for conduction properties of the closed packed structure and single-row wires made of sodium atoms suspended between semiinfinite crystalline electrodes with the number of atoms composing the wire varied from one to five. The conductance for the closed packed structure (N atom ¼ 1) is $3 G 0 , and the conductances for the single-row wires (N atom = 2-5) are $1 G 0 . Since the Fermi wavelength in the sodium crystal corresponds to twice the interatomic distance, the conductance oscillation with a two-atom period is expected to be associated with the Fermi wavelength. Our results that the conductances of the single-row wires are $1 G 0 and the conductance of 2 G 0 is absent agree with experimental results obtained by Krans et al. 3, 4) Furthermore, our study confirms the results of previous theoretical investigations using jellium electrodes. [12] [13] [14] [15] [16] Although there are no qualitative differences in the conduction [110] 
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property between the results obtained using crystalline electrodes and jellium electrodes for simple models such as single-row monatomic wires made of monovalent atoms, electron conduction may be affected by unphysical effects from the jellium electrodes in the case of more complex nanostructures. Studies on electron conduction of wires made of multivalent atoms or organic molecules are in progress.
